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A B S T R A C T   

Sweet potato is in its introductory phase as a food-based approach to alleviate malnutrition in the 
Afar region, where, due to climate change, agricultural drought impedes crop production. This 
study assesses the impact of climate change on orange-fleshed sweet potato (OFSP) fresh storage 
root yield production over the Afar region using the Aqua Crop model. This model was fed with 
daily rainfall and minimum and maximum temperature datasets, for the baseline climate 
(1980–2009) as well as future (2010–2099) climate projections under two representative con
centration pathways: RCP 4.5 and RCP 8.5. These datasets were statistically downscaled from 
twenty (20) general circulation models that are used in the Coupled Model Intercomparison 
Project Phase 5 (CMIP5). The impact of climate change on sweet potatoes was assessed by 
comparing the change in average sweet potato yields in the baseline climate condition against the 
average of simulated sweet potato yields in the Near-term (NT) (2010–2039), Mid-term (MT) 
(2040–2069), and End-term (ET) (2070–2099) under RCP 8.5 and RCP 4.5. Simulation shows 
increased future storage root yield production for NT (3.23%), MT (3.90%), and ET (7.25%) 
under RCP 4.5 and MT (5.88%) and NT (6.71%) from the observed yield data (32.0 t/ha) except 
for Near-term (− 9.59%) under RCP 8.5. Similarly, projected climate shows increase in temper
ature Tmax (0.93–4.10 ◦C), Tmin (0.88–4.54 ◦C) and precipitation (28.9–37.8%) under both RCPs 
which will favor sweet potato yield production increase in near-term, mid-term reaching climax 
in end-term. Simulation with planting dates shows that normal planting date (July 01), gives 
better yields than early (April 22) or late planting (01 August). This finding may perhaps be used 
as preliminary data in adoption and upscaling of orange-fleshed sweet potato in Afar region.   

1. Introduction 

The biological cycle of crop production comprises of versatile interactions among the soil, atmosphere and the crop plant itself: 
change in any of the elements of weather or soil may give rise to desirable or unattractive consequences on the crop plant under 
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investigation [1]. Changes in global climate have corresponding significant effects on crop yields, nutrient content and productivity 
[2]. Global atmospheric temperature analysis shows a rise in temperature from 2.5 ◦C to 4.8 ◦C by the end of the 21st century (2100) [3, 
4]. It’s well established that both atmospheric and soil temperature poses a great influence positively or negatively on sweet potato 
crop plants at all phases of growth and development in farmers field conditions or natural environment [5–7]. Low temperature in
hibits nutrient uptake, photosynthesis, storage root initiations, growth and development [5,6,8]. Meanwhile, higher temperature 
above 25 ◦C encourages storage root enlargement [9]. Temperature also influences migration, redistribution and multiplication of 
sweetpotato pests and disease for instance, sweet potato virus diseases (SPVD) were more common in hot environment with tem
perature above 30 ◦C [10,11], while migration and redistribution of pest and pathogens was witnessed at higher altitudes with a cool 
environment temperature [12]. 

The anthropogenic emission of carbon dioxide (CO2) is expected to rise above 700 ppm by the end of the 21st century; this increase 
in carbon dioxide accumulation would favor productivity of sweet potato and potato [13]. In sweet potato and other C3 plants, 
elevated Carbon dioxide concentration enhanced escalated water use efficiency and photosynthesis which promotes growth and 
bulking of storage roots [14,15]. [16] (2018) reported increased sweet potato storage root dry weight of up to 40.9% when variety CX-I 
was grown in higher carbon dioxide concentration of ambient + 200 μmol mol-1 compared to those under ambient (395 μmol mol-1) 
CO2 concentration. Similarly [15], (1996) in a two-planting season experimental study, observed an increase in storage root dry weight 
of 44% and 75% with a 665 μmol mol-1. Other authors reported increased biomass yield between 33 and 40% due to elevated carbon 
dioxide concentration [17,18]. 

Change in rainfall pattern combined with rise in temperature may alter the suitability of many crops land forcing them to become 
marginal due to increase evapotranspiration [19]. Transformation of irrigation schemes to augment water use efficiency supports 
climate risks management and adaptation. Increased water productivity coupled with good agronomic practices will lead to sus
tainable high crop yield production [19]. 

Generally, understanding of the impact of climate change on crop production through agricultural experiments are very expensive 
and time consuming [1]. Therefore, systems analysis and simulations can be done to potentially lower the costs and time of consid
erable field experimentations required for testing any new crop cultivar(s) or new agronomic management systems using models. Crop 
simulation models have the ability to foretell the reactions of any given crop plant to weather variability by predicting the output [1]. 
According to Murthy [1], crop growth models can be used to predict crop performance in new places where the crop has not been 
grown before. It can also be used to predict a crop plant response to certain climatic, soil or management condition, as a tool for 
management and decision-making [20]. In Ethiopia, information regarding the future prospects of sweet potato production and the 
possible adaptation/mitigation strategies for sustainability are scarcely found. Sweet potato experimentation was not done before in 
Afar region until the year 2019 [11]. Study on future production possibilities of sweet potato in Afar region was not done yet. The fore 
knowledge on the yield response of sweet potato in the future will help to advice the farmers, policy makers, and investors in sweet 
potato on better response mitigation or adaptation strategies that will enhance optimum sweet potato yield production, supply and 
sustainability. The aim of this study was to simulate sweet potato root yield production under the current and future climate scenarios, 
and recommend adaptation strategies in the years when climate changes against good crop harvests. 

2. Materials and methods 

The study covers the areas of Aba’ala in Afar region. Aba’ala is found at an altitude of 1441 masl, a latitude and longitude 13◦

34′19′N, 39◦ 94′17′E respectively. Aba’ala is categorized as belonging to the arid agro-climatic lowland with an average minimum and 
maximum temperature of 18.6 ◦C and 34.0 ◦C respectively. The arid agroclimatic zone has a length of growing period shorter than 60 
days [21,22]. 

The input data set used in this study include sweet potato field experimental data of 5 years (2015–2019) sourced from Aba’ala, and 
Tigray Agricultural Research Institute (TARI) with some modifications [11,23–25]. These data are sweet potato planting date, date of 
flowering, date of maturity, storage root yield, biomass yield, rooting depth, canopy development, harvest index, data on tillage, 
planting, Cultivar, spacing, soil water requirement and sweet potato growth requirements. 

Climate data for Aba’ala weather station in Afar region was collected from the Ethiopia National Meteorological Agency (ENMA). 
The data collected were on the weather elements daily observations for the past 30 years (1989–2019) for maximum and minimum 
temperature (Tmax and Tmin), relative humidity, wind speed, solar radiation and rainfall. This meteorological data collected from 
NMA had missing values therefore, statistically down scaling and bias-correction was done using a comprehensive daily weather data 
for Aba’ala station, Afar region obtained from Agricultural Model Intercomparison Project (AgMIP). The gap-filled dataset was prove 
checked using TAMET software. The impact of Carbon dioxide concentration on storage root yield was accessed by incorporating 
carbon dioxide concentration from the yearly atmospheric Carbon dioxide concentration – IPCC: RCP 4.5 (538 ppm) and RCP 8.5 (930 
ppm) carbon dioxide file, and the default ambient atmospheric carbon dioxide concentration (380 ppm) for RCP 4.5, RCP 8.5 and 
baseline respectively. 

Data on soil was taken from ISRIC soil map [26], FAO Aqua crop model [24], and soil sampled from Aba’ala in the year 2019. Soil 
samples were taken from point locations of the study area diagonally using a soil augur at a depth of 10–40 cm and were air-dried and 
submitted to the TARI soil laboratory for chemical and physical analysis. Other samples for physical analysis were taken using a labeled 
metallic core. Samples were analyzed using the procedures described by Von Reeuwijk [27] (1993) and [28] (1999) The result was 
later fed to Aqua Crop. 

The study data was analyzed using FAO Aqua Crop model 6.0 versions [24] and free R-software [29]. R software [29] was used to 
project the future climate of Afar region using meteorological data from Coupled Model Intercomparison Phase 5 (CMIP5) and baseline 
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meteorological data (1980–2009) for Aba’ala weather station in Afar region. From this, delta adjusted statistically downscaled climate 
data (temperature minimum, temperature maximum and precipitation) for three-time segments Near-term (2010–2039), Mid-term 
(2040–2069) and End-term (2070–2099), and two representative concentration pathways (RCP 8.5 and RCP 4.5), and twenty gen
eral circulation models (20 GCM) were generated using the “R” script “AgMIP_simple_delta. R″ following the guide for running AgMIP 
Climate Scenario Generation Tools with R in Windows [30]. The predicted future climate datasets for Aba’ala weather station, Afar 
region was then extracted in R software and climate model ensembles were created using pivot table function. Climate ensembles was 
done to seize uncertainties in prediction which may result from differences in model parametrizations and enhance estimation of 
certainty of results [31]. The ensembled future climate datasets for Near-term (2010–2039), Mid-term (2040–2069) and End-term 
(2070–2099) for each of the RCP 8.5 and RCP 4.5 were fed to the ETo calculator version 3.2 [32], where calculation of daily refer
ence evapotranspiration (ETo) for the time segments under both RCPs was done. The ETo was then exported to the FAO aqua crop 
model. Both the ensembled meteorological data for different time segments and ETo data were then used to drive the FAO Aqua crop 
model. 

FAO Aqua Crop model is a crop-water productivity model that simulates yield response to water of herbaceous crops and is 
particularly suited to address conditions where water is a key limiting factor in crop production. It imitates crop plant response to 
changes in carbon dioxide concentration levels, soil quality, management practices, climate and water use efficiency [24]. It uses 
meteorological data temperature maximum (Tmax), temperature minimum (Tmin), precipitation (rainfall), reference evapotranspi
ration (ETo), and Carbon dioxide CO2 concentration. It also uses planting dates, the crop development requirements which includes the 
soil water requirements and the management factors for instance field management practices and irrigation [24], but in this study, 
rainfed cropping was used. The climate files used to power aqua crop came from the baseline (1980–2009), projected climate for 
Near-term (2010–2039), Mid-term (2040–2069) and End-term (2070–2099), and the measured climate data from NMA (1989–2019), 
The CO2 data was obtained from the aqua crop inbuilt IPCC RCP 8.5 and RCP 4.5 CO2 files. 

The FAO Aqua Crop model was calibrated with sets of data shown in Table 1. These data were obtained from experiment record of 
orange-fleshed sweet potato Ininda cultivar produced in Afar region in the year 2019 with some modifications from FAO Aqua Crop 
manual for sweet potato, and other authors [11,23–25]. Aqua crop model validation was done using observed meteorological and yield 
data collected in 2015–2019 from NMA Ethiopia, Aba’ala, and TARI respectively. To quantify the disparity between the simulated data 
and the observed data, the normalized root mean squared error (nRMSE) was calculated using the procedures suggested by Loague and 
Green [33]: 

nRMSE =
100
σ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

t=1
(Pt − Ot)

2

n

√
√
√
√
√

(1)  

Where; P = simulated value; O = observed value; σ = is the mean of the observed data; n = the number of the observations. 
The methodical bias of the model was estimated by calculating the root mean deviation (RMD) using a formula given by Nash, and 

Table 1 
FAO Aqua crop calibration parameters.  

Crop parameters Values 

TMin (◦C) 8 
TMax (◦C) 38 
Initial canopy cover (%) 0.42 
Number of plants per hectare 55,556 
Canopy growth coefficient (%/◦C-day) 0.22230 
Canopy cover 30 days after planting (%) - 30 DAP 60 
Canopy cover 90 days after planting (%) - 90 DAP 100 
Canopy cover 120 days after planting (%) - 120 DAP 90 
Time to start senescence (degree days) 1340 
Canopy decline coefficient (%/◦C-day) 0.141 
Growing cycle (degree days) 1930 
Minimum effective rooting depth (Z min (m)) 0.25 M 
Maximum effective rooting depth (Z max (m)) 1.5 
Shape factor 2 
Crop transpiration coefficient (Kcb) 1 
Time from planting to maximum depth (degree days) 658 
Reduction with age (%/day) 0.15 
Soil water evaporation coefficient Ke (%/day) 1 
Water productivity (WP (g m-2)) 20 
Reference harvest index (%) 90 
Building up of HI (degree days) 997 
Increase (%) of HI 5% HIMax 94 
Depletion factor (for ET ~ 5 mm/day 0.65 
Air temperature stress (◦C-day) 8 
Minimum growing degrees required (◦C-day) 8 

Adopted from Refs. [11,23–25]. 
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Sutcliffe [34]: 

RMD=
100
σ

∑n

t=1

Pt − Ot

n
(2)  

Where; RMD = root mean deviation: P = simulated value; O = observed value; σ = is the mean of the observed data: n = the number of 
the observations. 

Model efficiency (ME) was calculated to determine the model performance efficiency relative to the observed mean using the 
formula derived by Nash, and Sutcliffe [34]: 

ME=

∑n

t=1
(Ot − σ)2

−
∑n

t=1(Pt − Ot)
2

∑n
t=1(Ot − σ)2 (3)  

Where; ME = Model efficiency; P = simulated value; O = observed value; σ = is the mean of the observed data; n = the number of the 
observations. The more nearer the model efficiency is to 1 symbolizes great accuracy. The ME range from ∞ to 1. Linear regression was 
done between the observed and simulated data to appraise the model operations and correlation coefficient. 

3. Results 

3.1. Appraisal of crop model using observed and simulated storage root yield data for period 2015–2019 

The aqua crop model evaluation in predicting yield response is presented in Table 2. Both the nRMSE and RMD were low. The study 
also observed high ME and relationship between the observed and simulated storage root yield. 

3.2. Relationship between the observed and projected climate data using two RCP and three time series 

The graphical illustration of relationships between the baseline and projected TMax, TMin and rainfall is presented in Fig. 1. Strong 
linear relationship was observed between baseline and projected climate data for TMax and Tmin of the same years. Meanwhile, weak 
relationship was recorded between the baseline and the predicted rainfall data. 

3.3. Projected temperature and rainfall of the study area 

The projected climate show rainfall increases from the baseline by 28.9% and 36.1% under RCP 4.5 near-term (NT) and Mid-term 
(MT) respectively. Rainfall increase was higher in NT and MT compared to End-term (ET) under same RCP. Under RCP 8.5, the 
simulated rainfall increased for all-time segments NT, MT and ET. Similarly, simulation of temperature showed increase in maximum 
temperature (TMax) and minimum temperature (TMin) for all the periods (NT, MT and ET) under both RCP 4.5 and RCP 8.5. The 
temperature increment was ≤1 ◦C for time series NT and >1 ◦C for time series MT and ET under both RCP 4.5 and 8.5 (Table 3). 

3.4. Fresh storage root yield simulation with current and future climate scenarios under two different RCPs 8.5 and 4.5 

Perfect relationship coefficient was recorded between the observed and predicted fresh sweet potato storage root yield (see Fig. 2). 
The relationship between currently observed and simulated fresh storage root yield quantities was comparatively good. The model 
estimated yield increase under both RCP 4.5 and RCP 8.5, and all the time series except at NT under RCP 8.5 where yield declined by 
− 9.59% from the observed storage root yield data (Table 4). 

3.5. Impacts of future climate on sweet potato performance 

The projected percentage (%) mean yield differences between baseline and simulated using RCP 8.5 and RCP 4.5 is presented in 
Table 5. 

Good relationship was recorded between the baseline and simulated sweet potato fresh storage root yield under both RCPs for the 
time period NT, MT and ET respectively. Significant (P < 0.05) yield differences were observed between simulated and baseline yield 
data; sweet potato fresh storage root yield increased from baseline under both RCPs ranging between 33.1 and 39 t/ha in RCP 4.5 and 

Table 2 
Model valuation.  

Parameters Values 

nRMSE 0.75 
RMD 0.33 
ME 0.98 
R2 0.82  
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Fig. 1. Relationship between the baseline and the simulated rainfall and temperature data under RCP 8.5 and RCP 4.5. (a): Relationship between 
baseline and simulated TMin RCP 4.5. (b): Relationship between baseline and simulated TMin RCP 8.5. (c): Relationship between baseline and simulated 
TMax RCP 4.5. (d): Relationship between baseline and simulated TMax RCP 8.5. (e): Relationship between baseline and simulated rainfall RCP 4.5. (f): 
Relationship between baseline and simulated rainfall RCP 8.5. 
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37.8–39.3 t/ha. 

3.6. Adaptation and mitigation strategies to maximise sweet potato production 

3.6.1. Planting dates 
Yield simulation with different planting dates is presented in Table 6. Three unique planting dates termed as early (April 22), 

normal (July 01) and late (August 01) were used in the simulation of fresh storage root yield response using two RCPs (RCP 8.5 and 

Table 3 
Future trend in Temperature and Rainfall (%) difference from baseline data.  

RCP Period TMax (◦C) Tmin (◦C) RF (%) 

Baseline 29.81 16.39 383.6 mm/annum 
4.5 Near-term (NT) 0.93 0.88 28.9 

Mid-term (MT) 1.79 1.75 36.1 
End-term (ET) 2.24 2.25 35.0 

8.5 Near-term (NT) 0.97 1.05 30.2 
Mid-term (MT) 2.25 2.50 32.0 
End-term (ET) 4.10 4.54 37.8  

Fig. 2. Relationship between the observed and projected storage root yield under RCP 8.5 and RCP 4.5. (a): Relationship between observed and 
projected yield using RCP 4.5. (b): Relationship between observed and projected yield using RCP 8.5. 

Table 4 
Percentage change in simulated fresh sweet potato storage root yield relative to the observed yield data over time (NT, MT and ET).  

RCP Period Fresh storage root yield (t/ha) % Change in fresh storage root yield 

Observed 32.00  
4.5 Near-term 33.07 3.23 

Mid-term 33.30 3.90 
End-term 34.50 7.25 

8.5 Near-term 29.20 − 9.59  
Mid-term 34.00 5.88 
End-term 34.30 6.71  

Table 5 
Projected Sweet potato storage root yield deviation from the baseline under the two RCPs.  

RCP Period Simulated mean yield (t/ha) against baseline mean yield  

Baseline 32.9 
4.5 NT 33.1 

MT 34.7 
ET 35.9 

8.5 NT 37.8 
MT 38.9 
ET 39.3 

P-value P < 0.001 
Correlation coefficient R2 = 0.046  

Gloria Peace Lamaro et al.                                                                                                                                                                                         



Heliyon 9 (2023) e17288

7

RCP 4.5), and different carbon dioxide concentrations. The simulated yield data shows that normal planting date has advantage over 
all other planting dates. The study observed significant yield increase from baseline ranging from 0.6% to 16.3% on normal planting 
date under both RCP 4.5 and 8.5 respectively. In the other hand, the study shows that significant yield loss between 52.3% and 108.2% 
is accrued under both RCPs when early planting is used, and a yield loss of about − 12.7% at NT, RCP 8.5 when late planting date is 
preferred. 

3.6.2. Maintain use of early maturing genotypes 
Aba’ala is considered an arid agroclimatic zone of Ethiopia with limited crop growing cycles. Ininda genotype used in this study is 

early maturing with promising storage root yield (Table 4). 

4. Discussions 

The model minimised error between the observed yield and simulated yield as can be seen on the value of ME. Strong positive 
relationship coefficient, high ME and low nRMSE and RMD shows the aqua crop model sufficiency in accurate simulation of the studied 
parameters. According to Nash and Sutcliffe [34] (1970), ME range from ∞ to 1. The more nearer the model efficiency is to 1, the more 
accurate the model is. In this study, ME was 0.98 symbolizing a great accuracy in simulating sweet potato storage root yield. The 
observed yield data corresponds well with the projected yield data with less than 5% differences agrees with other authors [35] (2017) 
and [36] (2018). Strong positive correlations between the observed and projected temperature data show the ability of the model to 
correctly predict temperature meanwhile, the weak correlation between the observed and projected rainfall data may signify the 
weakness of the model to predict rainfall accurately. The projected increase in temperature observed in this study correspond with 
other authors [36,37]. End-term warming consequences in RCP 8.5 vary between 3.3 ◦C and 5.4 ◦C with an average of 4.5 ◦C. This is 
accompanied by high greenhouse gas emissions. Carbon dioxide gas emission is bound to increase at the end of ET (2070–2099) RCP 
8.5 beyond 700 ppm [13,37]. Based on the projected increase in rainfall (37.8%) at the end-term period (2070–2099) under RCP 8.5, a 
combined increase in rainfall, and elevated CO2 concentration augments sweet potato storage root yield production at ET under RCP 
8.5 [13,15]. [38] (1998) observed 40% tuber yield increase in potato with carbon dioxide elevation of 660 μmol mol–1. Meanwhile, at 
ET under RCP 4.5, increase in temperature accompanied by a decrease in rainfall (− 1.1%) from MT, shall negatively impact onto soil 
moisture availability by increasing evapotranspiration rate leading to decline in sweet potato storage root yield. Negative effects of 
increased temperature on potato tuber production outweighing the positive contribution of elevated CO2 concentration were reported 
by some authors [15,36,39]. [40] (2021), in their study on impact of climate change on water requirements of directly sown 
sweetpotato in Kenya observed that in the time segment 2020–2039 (NT), the mean annual temperatures will rise by 36.3% and 
rainfall shall diminish by 16.7% which will shorten the length of sweet potato growing period by 42 days, increases sweet potato water 
requirement by 10.2% and lead to reduction in storage root yield. 

The perfect correlation coefficient between the simulated and observed fresh storage root yield showed the ability of the aqua crop 
model to accurately mimic sweet potato yield. Varying planting dates give significant differences in sweet potato fresh storage root 
yield quantity. Comparatively low yield obtained from early planting date (April 22) could be due to very low soil moisture by the time 
of planting. Much as late planting date (August 01) gives a high storage root yield production, yet the normal planting date (July 01) 
had an advantage over them all. Highest yield was simulated at the end-term (2070–2099) where synchronization in temperature rise, 
precipitation increases and carbon dioxide elevation occurs leading to prolong sweet potato growth days, reduced transpiration rate, 
increased photosynthesis rate hence inevitable storage root yield enhancements. Hence normal planting date other than early or late 
planting could be a good insurance against climate change risks. This could be because of better synchronization of cropping cycle with 
the season. Other authors also reported that changing planting dates is the cheapest climate change adaptation strategy [23,36,41]. 
According to Adavi et al. [36] (2018), better potato yield was attained with late planting date. Conservation use of genotype with short 
gestation period shall enable the crop benefit from limited moisture during cropping season in an arid agroclimatic zone. Genotype 
Ininda used in this study had a short gestation period of between 90 and 100 days after planting [11]. According to Adavi et al. [36], 
use of early maturing genotypes with shorter growth duration is a good climate change adaptation strategy under changing climate. 

5. Conclusions and recommendations 

There was successful calibration and validation of FAO aqua crop model. The baseline and simulated TMax and TMin harmonized 
well though with a mild anomality in rainfall. The comparative high positive relationship between the experimental fresh sweet potato 
storage root yield data and the simulated yield data demonstrated that FAO aqua crop model is accurate in simulating sweet potato 
fresh storage root yield. Simulation results for sweet potato storage root yield comparatively shows that there shall be increased sweet 
potato storage root yield production under both RCP 4.5 and RCP 8.5 and the highest yield is obtained at ET (2070–2099) under RCP 
8.5. Future climate has a positive impact on sweet potato storage root yield production under both RCP 8.5 and RCP 4.5: the elevated 
carbon dioxide concentration, percentage rainfall and temperature increase shall favor sweet potato storage root yield production. 
Maintaining early maturing genotypes and normal planting date (July 01) shall suffice for climate change risks of yield decline from 
the baseline. There is need to model yield under varying management practices including irrigation to ascertain their response. 
Similarly, there is a need to model the future impact of those important economic pests and diseases of sweet potato. Another study on 
the possibility of intercropping sweet potato as climate change risks insurance should be done. 
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